A. Nagashima
Introduction
In 1964, the Shth International Conference on the Properties of Steam (ICPS) adopted the first, in its history, skeleton tables for the viscosity and thermal conductivity of water substance. The recommended values embodied in the skeleton tables resulted from years of effort on the part of the wor1d~s experts in the subject [1] 1. The background on which these recornmenda. tion~ WP.TP. ha"p.rl w~'" (jp.,,~rihp.ci in ::l papPT hy Kp"tin and Whitelaw [2] .
The preceding first skeleton table (1964 ST) represented the best knowledge available at the time; it also became a guid~ng and' stimulating standard for the succeeding generation of researchers. During the interval of time that elapsed since 1964 a considerable quantity of new experimental data has been published. These have been critically evaluated and correlated by several teams that. worked in cooperation with the International Association for the Properties of Steam (lAPS) formed in 1968. A scrutiny of this work convinces us that progress since 1964 has been remarkable. In particular, as ne-w data appeared~ it became clear that the 1964, ST con· tained considerable errors. Moreover, the blank spaces left in them could now be fined. Finally, the range of pressures and temperatures could be extended and the "tolerances", indicative of uncertainties of the measure· ments, could be reduced.
The Eighth ICPS held in France in 1974 resolved that the 1964 ST have become obsolete [3] and should be leplcu.:eu Ly <.t revbell aml upualed vensluu. The Cuulelence created a Special Committee 2 with Professor J. Kestin, lAPS President 1974 -1976 , as its convenor, and entrusted it with the task of completing new representa H tions of the viscosity and thermal conductivity of water substance and of presenting them to the scientific and engineering community as internationally approved stand. ards. The Committee met twice in 1975, first in Schliersee, Germany, and later in Ottawa, Canada, and adopted final recommendations concerning viscosity. The work on thermal conductivity is still in progress.
Thp.~p. final rp.~omm~ndations were duly circulated among the national delegations represented at the 8th ICPS and approved in 1976 by mail ballot. They are now embodied in an official document entitled Release on Dynamic Viscosity of Water Substance which was circulated among a large number of technical journals of the world. Thus, these recommendations have officially acquired the status of an international standard, in the same way a9 the 1963 Skeleton Tables of equilibrium properties, and have rendered the 1964. tables of transport properties devoid of this status.
The Release is given verbatim in its officially approved form as Appendix I in this paper. The remainder of the paper describes the present state of our knowledge concerning the viscosity of water substance and gives details of the trends of thought that guided the Special Committee in its work of formulating the preceding document.
Progress Achieved since 1964

General Remarks
Tables la-d list all experimental investigations on the viscosity of water substance that were available to the Special' Committee and that were critically examined and analyzed by its members. Table Ie records the experimental work which has been published since the termina~ tion of the work that led to the Release (Appendix 1) and that could not be taken into consideration any more. The entries have been arranged chronologically and it can be verified that about 40% of all papers have been published after 1963, the cut-off year for the 1964 tables. These data not only cover an extensive range of pressure and temperature, but are also indicative of major improvements in experimental technique.
The tables summarize exclusively experimental determinations with the only exception a study by Theon-Hellemans and Mason [4] which examines theoretically the thermodynamic consistency between the viscosity and thermal conductivity of low-density steam. At the present time theoretical studies of the viscosity of water substance in all its forms have not led to sufficiently reliable and precise results to merit inclusion. The author hopes that a statistical theory of, for example~ dense-steam properties based on an improved version of Enskog's theory or of near-critical behavior formulated in terms of the recently discovered scaling laws wi11 become possible in the not too distant future. The data listed in table 1a are contained in some thirty reportlS . TI1\::: v.bcu:;.iLy uf waler at atmospheric pressure of 20°C is of particular importance because it is often used as a reference and calibration standard.
In 1952, Swindells, Coe, and Godfrey [5] published their data on water at atmospheric pressure at 20°C measured with a capillary viscometer. Since then their value jl20 0 C = (1.0019 ± 0.0003) X 10-3 Pa·s,
(sometimes rounded off to 1.002 X 10-3 Paos) has been accepted by many researchers as a calibration standard. For many years before, the value 1.005 X 10-3 Pa' s had been widely used. Figure I graphically describes the '" Is: 1.02 r---------'-.. Critical Tables  9 Geddes  19 Table 4 10 Hrady and Cottingtol1 chronological variation of this value. As was pointed out by Grigull [39] , most values published prior to 1950 are higher than (1). In later years, Roscoe and Bainbridge [27] measured jl20 0c = ,(1.0025 ± 0.0005) X 10-3 Pa· s, (2) in an oscillating-sphere apparatus, and Malyarov [34] reported jl20 °c = (1.0035 ± 0.0003) X 10-3 Pa· s,
as a result of his measurements in a capillary apparatus. It is seen that the discrepancies between these most carefully measured va1ues exceed the experimental uncertainties claimed by their authors. No convincing resolution of this dilemma has been offered so far.
One of the major corrections that can be suspected as the cause of the preceding state of affairs [40] is the inlet-length correction (otherwise known as the kineticenergy correction). Kawata et a1. [36 J indirectly confirmed Swindell's value by the step-up method, that is by comparing the viscosity of water with that of a more viscous oil. It is, namely, possible to use the falling-ball method to perform an absolute measurement of the viscosity of a moderately viscous oil with a negligible non-Newtonian behavior. Similarly, the contribution of the inlet-length correction can be minimized when measurements are made in a capillary viscometer. These circumstances allowed Kawata, in his opinion, to check for unknown, systematic errors of the capillary method. 3 Kestin and Whitelaw [37] and Caw and Wylie [28J found that the effects of dissolved air and of pressure cycles, sometimes blamed for these discrepancies, are not, in fact, significant.
The likelihood of the existence of an unappreciated systematic error was recently studied by a group at NBS v,Tho employed the channel-flow method [33] as well as the oscillating method [32] . The results were summarized by Marvin [33] who recommended that Swindell's value (l) should be retained with the proviso that its uncertainty should be increased to 0.25%.
A .theoretical analysis and review of the inlet-length correction problem was recently given by Kestin, Sokolov: and Wakeham [41] . In the author's opinion this successfully r.ondllcip.s 'hRlf J'l (,pntnry of iliscuo;sion concerning the dependence of the inlet-length correction on the Reynolds number.
Judging by the written fact, Swindell's work is a most careful and convincing study. In the author's judgement this is still the best determination of the viscosity of water at 20 °e.
The influence of temperature on the viscosity of water at atmospheric pressure described in a number of recent determinations [30, 31, 35] shows very good agreement if judged by the values of the ratio ,,.,.(t °C) /,.,.(20 °C).
Since the viscosity equation for atmospheric water covering a wide range . of temperature and pressure is neces-~arily complex, it is convenient to employ simpler forms jn the restricted range 0-100 °C at atmospheric pressure. Here it is useful to mention the equations proposed by Eicher [35] , and Ikeda and N agashima [42] . The latter (of a modified Arrhenius type), and its output, are given in Appendix II. The diagram in figure 2 contains the corresponding deviation plot. As the ice-point temperature of 0 °C is approached, the temperature dependence becomes more pronounced and the data for supercooled water due to Hallet [29] and Eicher [35] are helpful for the determination of the value of water at 0 °C and atmospheric pressure when it exists in equilibrium with ice. Similarly, data above the steam point are needed to determine the value of the viscosity of water at 100°C and atmospheric pressure when it exists in equilibrium with its vapor. The only data available above 100 °C are those by de Haas [8] , Hardy and Cottington [23] and Korosi [30] .
Viscosity of Water under High Pressure
Systematic measurements of the viscosity of water under high pressure were carried out by Mayinger [43] , TimIot and Khlopkina [44] , Moszynski [45] , Dudziak and Franck [46] , Bett and Cappi [47], Horne and Johnson [48] , and Agayev and co-workers [49] [50] [51] . The work of Tanaka and co-workers [52] , Nagashima and Tanishita [53] and Rivkin and co-workers [54, 55, 102] was -carried out under high pressure as well as high temperature. Of all these, only references [43, 44, and 45] were available in 1964. .
Dudziak and Franck [46J covered the wide range of up to 560°C and 350 MPa with the aid of the oscillatingdisk method but with a somewhat less satisfactory reproductibility. The data in [47] and [48] are given in terms of temperature and density rather than pressure and are, therefore, inconvenient as material for a precise analysis_ Reference [45] was used as one of the few primary sources for the 1964 ST, but at 100°C it gave values which were lower than indicated by the most recent measurements.
The most extensive and precise set of data on water is contained in [49-51} and covers a temperature range 0-270 °C with pressures up to 120 MPa. These measurements indicate that the initial pressure derivative along an isotherm changes sign from negative to positive at about 32°C, confirming older estimations.
Above 300°C there exist two sets of systematic measurements, namely [53] with an estimated precision of 2-3% and [54, 55, 102] with one of 1 %. The two sets show mutual deviations of 2-5% in this range even though they enjoy much closer agreement in the steam region.
The older data of [56] [57] [58] [59] [60] [61] [62] , as well as the more recent data of [63, 64] do not, in the writer's opinion, enjoy comparable credibility.
Viscosity of Steam at Atmospheric Pressure
In 1964 there existed only two sets of measurements of the viscosity of steam at atmospheric pressure in a wide range of temperatures, namely those of Shifrin [65] and Bonilla, Wang, and Weiner [66] . The sets have a systematic, mutual deviation reaching 4% and the 1964 ST compromised with the linear equation of Shifrin [65] . The more recent measurements of Latto [67] , Sato and coworkers (extrapolated) [68, 69] and Timrot and co-workers [70] agreed with the 1964 ST within their quoted experimental error. However, especially at high temperatures, the situation has not improved much since 1964. The more precise values of [68] [69] [70] are restricted to a maximum temperature of 505°C, while the most extensive measurements [67] cover the range up to 1100 °C albeit with scattered deviations of up to 2 % with respect to the paper's own correlation.
The capillary method was used in most measurements except for [70] in which the oscillating disk was em- [71-76, 136J are also available in the range under discussion.
In the region of combined high pressure and high temperature direct experimental determinations become very difficult to perform. One alternative is to attempt to make calculations based on Enskog's theory for hard spheres and to relate them to· accurate values of the viscosity }to extrapolated to zero density. Without any essential loss, the latter can be replaced by the viscosity fll at atmospheric pl'essure. Calculations of this value, such as for example Krieger's [77] , agree fairly well with experi-menLal data but cannot, really, substitute for them.
Reliable values of JJ-o (or /-Ll) can play a role in the estimation of the realiability of thermal conductivity, as proposed by Thoen-Hellemans and Mason.
Negative Pressure Effect on the Viscosity of Steam
The existence of a negative effect of pressure on the viscosity of steam at sub critical temperatures was first discovered in 1960 by Kestin and Wang [78J-I and confirmed by later measurements in the same oscillating-disk instrument L 45, 80 J. These data were fully taken into account in the formu1ation of the 1964 ST. All doubts concerning the existence of this effect have been decisively dispelled by later investigators who employed an alternative method. Rivkin and co-workers [81, 82] covered the range up to 450°C in a closed-circuit capillary viscometer, whjJe Sato et a1. [68, 69] used a once-through capillary viscometer. Both sets of measurements showed very good agreement with the data obtained. at Brown University.
There exist many older measurements [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] which failed to identify the negative effect. Some were in error due to unsuitable flow conditions, such as excessively large Reynolds numbers in falling-body viscometer, failure to eliminate turbu1ence in a nozzle viscometer or of secondary flow in coiled-capillary instruments.
Barua and Gupta [94] made an attempt theoretically to calculate the negative pressure effect and hypothesized that it may be due to the formation of clusters of H~O molecules. An analogous negative pressure effect was recent)y discovered in D;!O by Abe and Nagashima [95] . Many gases of simple molecules approximately foHo\-'T the common rule that the viscosity excess
can be expressed as a function of density alone, flo denoting the value of viscosity extrapolated to zero density isothermally. The 1964 ST adopted this rule for steam in the temperature range 375-700 °C, but some grid points along the near-critical 350°C isotherm were left blank due to the lack of reliable experimental data and to a suspected critical anomaly.
Recent measurements show that the rule embodied in ( 4) is inadequate for steam even as an approximation, particularly along the 375°C isotherm. Nagashima, Murai, and Tanishita [96] measured the pressure dependeIlce of the viscosity of steam starting with 250°C where the negative pressure effect is significant and showed that (4,) led to an acceptable approximation, that is one within the experimental error, only at temperatures above 600°C.
The variation of the derivative (a}l/aPh with temperature has been p10tted in figure 3 . The broken line corresponds to the hypothesis that the viscosity excess is a sole function of density. [44] , Whitelaw [98] and Mayjnger [43J. The other d~ta found in the literature, including [99, 100] and [135] , were considered less reliable. The measurements obtained in 1964 by Tanaka and co-workers [52] and in 1965 hy Ray [lOl] are very close to the values in the 1964 ST. However, later measurements, namely those of Nagashima et a1. [53] and of Rivkin et a1. [82, 103, 104,] pub1ished during the period 1963--1974 showed considerable deviations. For example, the maximum discrepancy in the range 20 MPa to 4·0 MPa was three times larger than the already large tabular tolerance (j.e. 131;). A look at figure 4 which plots the deviations of the data in [43, 44, 52, [53] and [105] , to the presence of unsuitable flow conditions in the instruments.
In this range the kinematic viscosity is low and the flow can easily turn turbulent, especially in the metallic capillaries used in these references, given that the internal walls cannot he made satisfactorily smooth. Under such condi- )k figure 6 . Measurements in the critical region can easily be falsified by a choice of the wrong method. As far as viscosity is concerned: measurements with an oscillating disk enjoy a distinct advantage over the transpiration nH:thod. The results can further be considerably falsified by the improper selection of the equations of state, critical constants and temperature scale. When the transpiration method is used the instrument measures, essentially, the kinematic viscosity; this means that an error in density enters directly into that of the dynamic viscosity. Furth(;rmore, it now becomes essential to account for the variation in density along the flow path. In this connection it is worth realizing that the difference between the density calculated at the same near-critical point with the aid of 1967 IFC formulation [113] and the 1968 IFC formulation [114 J, both extensively used throughout the world, can reach as much as 4.5% as is the case at 375°C and pi pc = 0.89. Similarly, the inherent difference in temperature scales between the IPTS-48 and IPTS-68 induces a difference of 0.67c in the calculated density at 375.6 °C and 23 MPa. Finally, one must not forget that the two formulations stipulate different critical constants.
The critical anomaly in the PVT relation should be taken into account when viscosity measurements in the near-critical region are being evaluated. At present, the situation is unclear and a meaningful analysis of the critical anomaly in the viscosity of steam had better be left for the future. [132] , were produced. These served as a foundation for the selection of primary data on which to base the new international representation. Certain data were deleted or corrected; they are seen listed in Appendix III~ and the justification for this action can be found in [133 J.
The critical evaluation and the selection of a primary set of data together· with levels of uncertainty to be associated with them~ later designated as. the International Input, was completed at the meeting in Moscow in May 1974. This is seen listed in table 2. From these, the teams in Japan, [129J, and the USSR, [130] , distilled correlating equations as drafts to be considered by lAPS for adoption. The coefficients in them were determined to minimize the weighted sum of the square of differences." The team in Germany worked to deduce a skeleton table
The Eighth International Conference on the Properties of Steam held at Giens, France in September, 1974~ ufficially announced that the 1964 ST was considered obsolete, and designated a Special Committee for the purpose of finalizing the new representations on the viscosity and on the thermai conductivity. The Special Committee, consisting of representatives of France, the Federa1 Republic of Germany, Japan, the USA and the USSR" met at Schliersee,Germany, in Aprll, 1975, and carne to a final agreement on the new representa60n of the viscosity of water and steam. This consisted of a skeleton table directly deduced from experimental data and an interpolation equation. Details of the new representation and comparisons with experimental data are given in the following sections.
Primary Data
The primary references ("International Input") chosen as a basis for the new international correlation are seen listed in table 2 together with their weights. Table 2 is the fruit of almost two years of effort contributed by an international team of experts, lAPS's Working Group II on Transport Properties.
The criteria on which the selection reflected in table 2 was made included the consideration of (a) the ranges of temperature and pressure adequate for the new representation (b) the reliability of the measuring method r c) the scatter in the data (d) adequacy of the presentation of the data (e) date of the measurement~ (f) ."lIffi~if'ncy of the description of the procedure. Of course, the quality of the measurements was evaluated from many additional points of view, such as the adequacy of the BOiV conditions~ the quality of the design of the apparatus, the author's· ovm error estimate~ the influence of possible secondary eflects. the magnitude and method of calculation of th~ correcti~n applied: and so on.
All data listed in table 2 were selected after exhaustive discussions and subject to unanimous agreement among the members of the working group.
Even though the references which constitute the International Input have been mentioned before, some additional remarks may be helpful. In Region 1 ('water at atmospheric pressure) the critical survey given in For this reason, the data in these two references were included only for the liquid state and above 550°C in The final action based on the resolution adopted by the Eighth ICPS consisted of a skeleton table and an interpolation equation; the latter will be discussed in the next section; the method of obtaining the former will be discussed presently.
The skeleton tables, table 3 and 4, are based on the original experimental data of the primary references listed in table 2. The first step was to reduce the data to a standard grid in terms of pressure and temperature. In this manner at each grid point there are generated several alternative values which are then combined into one value by weighted averaging. The reduction of a datum to a predetermined grid node is achieved with the aid of the relation (5) where po, T.o,· p, T are the density and temperature, respectively, at the grid point and at the experimental point. Similarly, the function:s fCpo, T. o ) and j(p, T) represent the viscosity at the grid point and under experimenta] conditions, respectively; they are calculated with th~ aid of a first approximation to the interpolation equation, eq (6) of the section following. In applying this procedure it is very important to confine the differences T -T.o and p-po to a very narrow interval. The density was calculated with the aid of the 1967 IFC Formulation [113] . The weighting factors used corresponded to the estimated reliability listed in table 2. Even though the number of data points differs appreciably from reference to reference, no statistical adjustment was made to compensate for these J. Phys. Chem. Ref. Data, Vol. 6, No.4, 1977 differences. It is clear that in the present method the adopted value at the' grid point tends to be closer to the set of experimental data which contains more individual points if the weighting factors do not differ too much from each other. This is a clear flaw but its remedy is left for future study.
The new skeleton table, table 3 , is smooth within the recommended tolerances which are also given in the table. The term "tolerance" here designates the agreed-upon uncertainty and is not related in any direct way to the experimental errors or to the standard deviation.
Interpolation Equation
The Eighth I CPS adopted the form of the interpolation T denotes absolute temperature on the 1968 Practical Temperature Scale T* and p * denote numerical constants which are close to, but do not represent the corresponding critical constants ak and bij are numerical constants.
The adopted values of the constants in eq (6) are given in table 5.' The preceding equation can be used [130] in practice, with reduced reliability, over a wider range of states than originally intended. It can be used to 1000 MPa in the range -20°C to 100°C (liquid phase), to 350 MPu between 100°C md 560°C and to 100 MPa in the range 560 °C-9oo DC. In this manner the viscosity of water and steam has been described over the whole range of interest with the aid of a single equation with temperature and density as its independent variables. Tables 6 and 7 contain smooth values calculated with the aid of this equation. Figures 8 and 9 depict the dependence of viscu:siLy on temperature and pressure, whereas figures 10 and 11 represent the kinematic viscosity. In order to retrieve the same values, it is necessary to calculate the density with the aid of the 1968 IFC Formulation [114] (for calculated specific volumes, see Appendix IV).
The lAPS minutes of its meeting in Schliersee in 1975 as well as the Release, Appendix I, mention the existence of an alternative interpolation equation proposed by Nagashima, Ikeda, and Tanishita [129] which is characterized in Appendix V.
Even though the possible critical anomaly has not been 
Comparison of the New 'CPS Representation with
Selected Experimental Dato
The new tables and interpolation equations were deduced directly from the experimental data which constitute the International Input, table 2. The deviation plots of figures 12-14 compare the output of the correlating equation with seJected experimental data in order to convey to the user the quality of the result. Figure 12 refers to the liquid phase and shows that the fit to the data of Agayev and Rivkin is very close. In the interval 300-370 °C, the data by Nagashima et a1. [53] appear systematically higher than those of Rivkin et a1. [54, 55] , a1th ough no such systematic divergence exists between the same two data sets at lower temperatures.
Comparisons describing the viscosity of steam at atmospheric pressure in the range 100-800 °C are contained in figure 13 . The 1964 ST preferred Shifrin's data [65] which were systematically higher than Bonilla's [661. The figure brings out the fact that this bias was subsequently justified by the newer measurements performed by Latto [67] , Sato et a1. [68, 69] , and Timrot et al. [70] . It seems that more experimental investigations are needed at 100°C as well as at temperatures above 500 0c. Figure 14 contains the deviation plot for steam at high pressures. Figure 15 refers specifically to the 400°C isotherm and demonstrates the large discrepancies which exist along it between the new base line and 1964 ST. The selected experimental points confirm that the ne,,,, correlation represents them with an improved accuracy and shows that they depart from the 1964, ST by more than the old tolerances. existence of considerable differences in the steam region between 375°C and 500 DC, 'which means that the tolerances of 1964 were too optimistic. It is clear that the differences between the old and new formulations are due to the fact that they both have been calculated on different primary data bases as explained earlier in sections 2.6 and 3.2.
Effect of Differen't Sources for Values of Density
When the density is calculated with the aid of 1967 IFC Formulatjon widely used throughout the worldPs industry, eq (6) will yield a viscosity value which is generally 10lver than that resultinp: from the use of the 1968 IFC Formulation. For example, at 350°C and 100 MPa this is lower by O.47r:, and at 375°C and 22.5 MPa the difference attains 2.2);. Typical comparisons are given in Appendix VI. The cITed of these two alternative sources for data on density at 375°C is described graphically in (TABLE 3) / El /f 00 /1 \:~ _ ~ TOLERANCE, 1964 s;r .. 
Concluding Remarks
Our collective knowledge of the viscosity of water and steam has now progressed significantly forward and has been crystallized into the new lAPS representation as a result of the considerable effort mounted during the last decade.
One of the most interesting topics left for future study is the behavior of viscosity in the critical region. Neither the actual magnitude nor the functional form of this anomaly are now known satisfactorily. Similarly, a theoretical study of the viscosity of both the liquid and the gas is still being awaited.
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Appendix VI
Effect of the Different Density Sources
The viscosity equation, eq (6) in the text, wasrecommended to be used with the 1968 IFe Formulation, although the most-widely-used equation of state for water substance in the world is 1967 IFC Formulation. 
